tinct sensory nerve populations: peptidergic and nonpeptidergic fibers. Peptidergic nerve fibers are sensitive for nerve growth factor (NGF), while nonpeptidergic fibers respond to glial cell line-derived neurotrophic factor (GDNF). Peptidergic and nonpeptidergic fibers can be further divided by their expression of different neurotrophic receptors. The peptidergic fibers express neuropeptide calcitonin gene-related peptide (CGRP), and many of them also express substance P (SubP), whereas the nonpeptidergic fibers are characterized by expression of the plant lectin isolectine B4. The myelinated Ad fibers express neurofilament 200 (NF200). 33 The most common staining technique currently used for staining skin biopsies in a clinical setting is PGP9. 5 . 25 This is a nondiscriminant pan-neuronal cytoplasmic marker and is predominantly used to diagnose peripheral neuropathies. Duraku et al. recently showed the importance of the distinction between subgroups of intra-epidermal nerve fibers (IENFs) by extensive collateral sprouting of peptidergic fibers from uninjured nerves, compared with the nonpeptidergic fibers following a spared nerve injury lesion. 8, 9 However, regeneration of the different subgroups of IENFs has not yet been described following end-to-end reconstruction, which provides a better outcome compared with nerve graft repair. 45 It is also unclear if these fibers play a role in the pathogenesis of neuropathic pain similar to the spared nerve injury model. 9 While Stankovic et al. showed a decrease in density of IENFs 12 weeks after end-to-end reconstruction of the sciatic nerve in rat, 40 the authors of a more recent study demonstrated return of the density of IENFs to control values in less than 9 weeks after reconstruction. 5 However, in humans, improvement of clinical signs can be seen up to 2 years after nerve reconstruction (Dr. E.T. Walbeehm, personal communication). In the present study, we describe for the first time a longer and more complete follow-up of the reinnervation pattern of both peptidergic and nonpeptidergic IENFs in the glabrous skin of the rat hind paw following end-to-end reconstruction of the sciatic nerve. Together with analysis of collateral sprouting, our results provide more insights into the mechanism of both peripheral nerve regeneration and neuropathic pain.
methods animals
Experiments were performed on adult female Lewis rats (n = 60), weighing 180-200 g. Animals were pairhoused in hooded cages at room temperature on a 12-hour light/dark schedule and were given access to water and food ad libitum. All experiments were approved by the Dutch Ethical Committee on Animal Welfare according to the European guidelines for the care and use of laboratory animals.
surgical procedure
Under isoflurane (3%) anesthesia, the left sciatic nerve of all 60 animals was exposed through a gluteal musclesplitting approach using a surgical microscope (Zeiss OP-MI 6-SD; Carl Zeiss, Goettingen, Germany). Subsequently, in 48 animals the sciatic nerve was transected by cutting the nerve with a sharp scissor proximal to its trifurcation. Transection was immediately followed by an epineural end-to-end reconstruction in which we used six 10-0 ETHILON sutures (Ethicon). The remaining 12 animals served as the control group, in which the sciatic nerve was only exposed without transection. The split muscle and skin of all animals were closed using VICRYL RAPIDE sutures (Ethicon). In all cases, postoperative analgesia was provided by subcutaneous administration of buprenorphine (0.05-0.1 mg/kg; TEMGESIC). Animals were monitored daily for signs of stress or discomfort.
experimental groups
The 48 operated animals were randomly divided into 4 groups consisting of 12 rats each that had a 5, 10, 20, and 30 weeks survival time. In each group, 6 rats were used to determine the effects of the lesion and its recovery, using various behavioral and physiological experiments and immunohistochemistry. In the remaining 6 rats in each group the Evans blue technique was performed to identify collateral innervation of the skin by the saphenous nerve. The 12 sham-operated animals comprised the control animals. The end point of 12 sham-operated animals was determined at 5 weeks postoperatively.
All rats were habituated by exposing them to the stimuli and the environment in the week prior to performing functional tests.
pinprick test
The pinprick test was used to estimate the advancement of the area demonstrating recovery of nociception 19, 27 The lateral and medial skin of the hind paw was pinched with a fine forceps, starting distally at the toes and ascending up toward the ankle. The spot on the skin with the positive pinch test (the animal's reflex withdrawal response) was marked and indicated on a standardized drawing of the hind paw (Adobe Illustrator, CS5.1). The position with a positive pinprick result nearest to the toe was determined and indicated in centimeters. The drawings with positive pinprick responses were used as a measure of the average skin sensitivity in the hind paw and served to assemble a "sensory regeneration map" of the paw.
von Frey test
The von Frey test was performed to determine the mechanical sensitivity threshold of the hind paws using a set of von Frey hairs ranging from 2 to 300 g in a set of 16 filament steps. The rat was placed in a chamber with a mesh metal floor and each filament was indented for 4 seconds in the lateral and medial plantar skin at its max force (i.e., until it just bent). This stimulus was repeated 5 times and was scored as positive when a minimum of 3 paw flicks (the animal's reflex withdrawal response) were observed. The thresholds for withdrawal responses were compared between the operated hind paw and the sham hind paw for both the medial and the lateral side of the paw. The group of animals that underwent reconstruction was considered to be hypersensitive to mechanical stimuli when a significant decrease of withdrawal threshold was noted in comparison with the control animals.
hot and cold plate test
To determine the occurrence of thermal hypersensitivity, cold 14 and hot plate testing 10 was performed. Rats were placed in an open-ended chamber with clear walls and a surface temperature of 5°C (cold plate) or 50°C (hot plate) on separate days to prevent interference. The time until hind paw withdrawal or licking was observed. Significant differences between the reconstruction and the control group served as an indication of thermal hypersensitivity.
electromyography
Regeneration and reinnervation of motor axons was evaluated by recording evoked compound muscle action potentials (CMAPs) of the gastrocnemius muscles. 47 Under anesthesia a monopolar needle stimulation electrode was placed 6-7 mm proximally from the nerve injury, close to the sciatic nerve at the level of trochanter major, using an ultrasound image as guide. This is a reliable minimally invasive method for selectively eliciting CMAPs. 26 For recordings, an active electrode was positioned over the midpoint of the medial gastrocnemius muscle with the reference electrode at the lateral distal end of this muscle. CMAP peak-to-peak amplitude was recorded and averaged over a batch of 20 responses. The average amplitude in each group was compared with the control group.
gastrocnemius muscle index
After termination of the rat by pentobarbital overdose, we routinely determined gastrocnemius muscle weight to measure muscle atrophy. This is an indirect indication for muscle reinnervation after nerve reconstruction. 36 Both ipsilateral and contralateral gastrocnemius muscles were excised. Consequently, the gastrocnemius muscle index (GMI) was calculated as follows: muscle weight from the operated side was divided by the muscle weight from the contralateral side.
evans blue test
The distribution of afferent fibers from the intact saphenous nerve was tested through stimulation-induced extravasation of Evans blue albumin in the hind paw of 6 rats in each reconstruction group to visualize collateral sprouting. 12 The Evans blue extravasation technique was performed as described previously.
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Animals were anesthetized with 3% isofluraan. Subsequently, the saphenous nerve was carefully dissected from its environment under microscopic guidance (Zeiss OP-MI 6-SD). The nerve was inserted into a handmade silicone stimulation cuff (3 mm in diameter, 6 mm in length) in which anodal and cathodal electrodes are embedded. Stimulation was started 5 minutes after the Evans blue (2%, 4 ml/kg) injection in the tongue vein and was continued for 10 minutes using 10-Hz, 0.5-msec, and 12-mA positive pulses (Viking stimulator IES405-2, Nicolet Biomedical). The skin area of the paw innervated by the stimulated nerve exhibited the characteristic deep blue coloration indicating local extravasation of Evans blue. After stimulation, each rat received an overdose of pentobarbital and the hind paw was removed for subsequent analysis. The 360° view of extravasation areas was recorded and quantified using an Optical Projection Tomography scanner, computer assisted surgical anatomy mapping technology, 16 and Adobe Photoshop. Moreover, the intraanimal differences in extravasation areas are shown in different shades of blue representing the incidence (i.e., 1-6) of extravasation resulting from the stimulation of the saphenous nerve.
tissue preparation
At the appropriate survival time, animals were sacrificed by an overdose pentobarbital (100 mg/kg intraperitoneally). Subsequently, the glabrous skin of the operated hind paw was dissected and immersion-fixed in 2% paraformaldehyde-lysine-periodate for 24 hours at 4°C. The skin was then embedded in 10% gelatin, which was hardened in 10% formaldehyde for 2 hours, stored overnight in 30% sucrose, and subsequently cut in 40-mm sections with a freezing microtome and collected in glycerol for long-term storage at -20°C.
immunohistochemistry
Immunohistochemistry was performed to evaluate the density of the nerve fibers innervating the skin as described previously. 8 The sections were washed 5 times for 10 minutes in phosphate-buffered saline. Thereafter, the sections were pretreated with 30% hydrogen peroxide solution at room temperature for 10 minutes to ensure minimal background. Subsequently, the sections were heated at 80°C in 2.5 mM sodium citrate (pH 8.75) for 40 minutes to break protein crosslinks and therefore unmask antigen sites. The sections were then preincubated (90 minutes at room temperature) in a blocking solution containing bovine serum albumin (2%) diluted in phosphate-buffered saline (pH 7.4) with 0.5% Triton X-100 (Fraction V, Roche). After rinsing, the sections were incubated for 48 hours in a cocktail of 2% bovine serum albumin or milk powder containing the diluted antibody at 4°C. The primary antibodies were PGP9. 20 was then used to reveal the antigenic sites. Thereafter, the sections were mounted on slides and stained with 0.05% thionin for 4 minutes, which discolored the epidermis blue, and as a result a clear border between the epidermis and dermis was visible. Finally, the sections were dehydrated using absolute ethanol (< 0.01% methanol), transferred to xylene, mounted on slides, and covered by cover slips with Permount (Fisher).
analysis
All slides were scanned in multiple layers (3 layers of each 8 mm) into digital slides by using a Nanozoomer 2.0 series system (Hamamatzu). Areas of interest were quantified using digital microscope ImageScope software (Aperio ImageScope v11.1.2.760) using a ×20 objective in an 80-mm 2 region on medial, central, and lateral sides and on the footpad area of the glabrous skin of rats' hind paws. For each rat, the nerve fiber terminals within the epidermis and the labeled NF200-immunoreactive (IR) fibers in the upper dermis were counted in 4 sections of the proximal and 4 sections of the distal foot sole area. In addition, the number of Langerhans cells (LCs) was quantified. 30, 50 From these counts the average number of labeled nerve fibers per millimeter-squared was calculated for each rat. Finally, the results per group were averaged and compared with the results in the control group.
statistical analysis
For determining statistical differences, the 1-way ANOVA with a Tukey post hoc test was used for intergroup comparisons. Errors in variations were determined as the standard error of the mean, and p < 0.05 was taken as significant.
results
No animals were excluded in this study. All surgical procedures were performed successfully, without any signs of postoperative infection, loss of weight, or automutilation. As expected, directly after surgery, lesioned animals dragged their operated paw, which completely recovered at about 8 weeks postoperatively. Sham-operated animals used their hindlimb normally.
recovery of sensory Function

Pinprick Test
Positive responses, as indicated by paw withdrawal, were seen at all experimental time points for the shamoperated paws and at the medial side of the operated paws. However, the lateral part of the operated paws did not exhibit any response to the pinpricks attempted distal to the lateral ankle 3 weeks following end-to-end reconstruction. This indicates that the lateral part of the hind paw, which is known to be exclusively innervated by the sciatic nerve, was completely denervated. Therefore, the lateral part of the hind paw was used to gain information about recovery of nociception of the sciatic nerve following end-to-end reconstruction. At 5 weeks postoperatively an average positive response was observed at the level of the ankle (3.2 ± 0.1 cm from the toe) ( Fig. 1 ). Two and a half weeks later, the positive response reached the middle of the plantar hind paw (mean 1.9 ± 0.1 cm from the toe). Regeneration of nociceptive fibers was completed 10 weeks after end-to-end reconstruction resulting is positive responses at all levels from the ankle to toe, which equals a mean nerve growth rate of 0.9 ± 0.01 mm/day.
Mechanical Hypersensitivity
The mechanical withdrawal thresholds determined with von Frey monofilaments did not show any significant differences in the medial and the lateral area of the shamoperated hind paw (Fig. 2) . Confirming the results of the pinprick test, no reaction was seen in the lateral part of the operated hind paw after applying von Frey filaments of up to 300 g at 2, 3, and 5 weeks postoperatively (p < 0,001). The medial part of the operated hind paw showed loss of sensation at 2 weeks postoperatively. In contrast to the lateral part of the hind paw, the medial part exhibited similar mechanical sensitivity as sham-operated animals at 3 and 5 weeks, suggesting an initiation of collateral sprouting by the undamaged saphenous nerve at 3 weeks postoperatively. However, at 10 weeks, a significant decrease in mechanical withdrawal threshold was noted in both medial and lateral areas of the operated hind paw (p < 0.01 and p < 0.001, respectively) demonstrating mechanical hypersensitivity. Mechanical withdrawal thresholds reached control values 20 weeks postoperatively, showing no significant difference in von Frey test results between the reconstructed and the sham-operated hind paws at this time point (Fig. 2) .
Thermal Hypersensitivity
A nonsignificant increase in withdrawal time was observed in cold plate testing at 5 and 10 weeks and in hot plate testing at 5 weeks postoperatively (Fig. 3 lower) . Remarkably, a significantly shorter withdrawal latency of the operated hind paws, when compared with shamoperated paws, was found in both hot and cold plate tests at 20 weeks postoperatively (p < 0.05), indicating hypersensitivity to cold and hot temperatures at this time point. However, withdrawal latencies returned to control values at 30 weeks postoperatively (Fig. 3) .
In contrast to the neuropathic pain models, end-to-end reconstruction eventually resulted in recovery of both mechanical and thermal hypersensitivity to control levels.
recovery of motor Function
Electromyography CMAP amplitude provides an indirect estimate of the number of functional axonal fibers in the stimulated nerve. As expected, the amplitude of evoked CMAPs in the gastrocnemius muscle was considerably decreased in the operated paw at 5 weeks (p < 0.001) compared with sham-operated animals. A gradual functional recovery was evidenced by the ongoing increase in CMAPs measured at the subsequent postoperative times. At 30 weeks, postoperative reached values that were similar to those of sham-operated rats (Fig. 4 upper) .
Gastrocnemius Muscle Index
Sham-operated rats showed a ratio of 1:0 between the ipsilateral and contralateral gastrocnemius muscle weight. Five weeks after end-to-end reconstruction, a significant decrease, to less than 0:5, was seen (p < 0.001) (Fig. 4  lower) . Although a subsequent gradual increase is seen at longer survival times, the average GMI leveled out at 0:7, while the CMAP amplitude recovers to control values. This could be explained by disuse of the formerly denervated gastrocnemius muscle and in the course of time resulting in irreversible damage to the muscles. and lateral (lower) areas in the foot sole of the operated hind paws, determined with von Frey monofilaments. No positive response was measured using up to 300-g filaments in the lateral part of the operated paw 2, 3, and 5 weeks postoperatively and in the medial aspect of the hind paw until Week 3, suggesting mechanical hyposensitivity due to denervation of the skin. A significantly decreased mechanical withdrawal threshold was seen in both the lateral and medial glabrous skin at 10 weeks in comparison with sham-operated rats. However, the mechanical hypersensitivity diminished 20 and 30 weeks postoperatively. *p < 0.05; **p < 0.01; and ***p < 0.001; 1-way ANOVA. 
saphenous Nerve participation in regeneration process as determined by evans blue extravasation
The Evans blue technique was applied on the intact saphenous nerve and showed a characteristic blue staining on the medial hair-line margin of the plantar skin of the hind paws of sham-operated animals. However, at 5 weeks postoperatively the area of blue staining was significantly (p < 0.001) increased and extended to the center part of the operated hind paw (Fig. 5 ). This was interpreted as being due to an extensive collateral sprouting from the adjacent undamaged saphenous nerve that invaded the denervated area. This finding, furthermore, is in accordance with the positive withdrawal reaction seen in the von Frey test of the plantar medial portion of the operated hind paw 5 weeks after surgery. Sprouting of the saphenous nerve was temporary, as the Evans Blue extravasated skin area returned to control values at 20 and 30 weeks postoperatively (p = 0.221 and p = 0.297, respectively) ( Fig. 5 lower) , which suggest a withdrawal of the collateral sprouting. This decrease could be explained by reinnervation of the operated sciatic nerve, which is visible in the greatly increased density of epidermal sensory nerve endings at 20 and 30 weeks in the center and lateral skin area that remained non-extravasated after stimulation of the saphenous nerve. Based on these results, we can conclude that initially there is sprouting of the saphenous nerve to the denervated skin area 5 weeks after surgery that seems to draw back once the regenerating sciatic axons reach their target areas.
denervation and reinnervation of ieNFs
The peripheral nociceptive sensory system can be divided into 3 classes: the unmyelinated peptidergic (CGRP-IR and SubP-IR), the unmyelinated nonpeptidergic (P2 × 3-IR), and the myelinated peptidergic (NF200-IR) nerve fibers. These fibers all terminate with free nerve endings in the epidermis and constitute the IENFs.
The density of the IENFs was quantified in selected regions of the medial, central, and lateral parts of the glabrous skin of non-footpad and footpad at both proximal and distal planes of the hind paw. Furthermore, the densities of nerve fibers in the upper dermis were quantified. However, these data are not shown because no significant changes were noted when compared with the IENFs.
The results of our immunohistochemical testing provide, for the first time, a complete overview of the time course of sensory nerve fiber regeneration in large skin biopsies of the hind paw following end-to-end reconstruction.
pgp9.5-ir Fibers
As a pan-neuronal marker, PGP9.5 stains all nerve fibers in the skin without any distinction in the various subgroups of sensory nerve fibers. No significant difference in the density of PGP9.5-IR nerve endings was observed between the epidermis of the non-footpad area and the lateral footpad in the sham-operated rats. Five weeks after lesion and subsequent reconstruction, a serious depletion of IENFs had occurred at all investigated regions (p < 0.001). The density of fibers was highest at the medial aspects of the glabrous skin (Fig. 6) . Whereas an increase in density of all regions was noted at longer postoperative times, the density did not reach control values in the non-footpad areas. In contrast, the significant decrease in density of IENFs in the lateral footpad was only noted 5 and 10 weeks postoperatively, but these values returned to control levels at 20 and 30 weeks (Fig. 6A and B) .
The largest expansion in the number of epidermal PGP9.5-IR nerve fibers was seen between 5 and 10 weeks after surgery (p < 0.001) in both non-footpad and footpad areas, while only a slight, nonsignificant, additional increase was seen between Weeks 20 and 30. This finding shows an early and fast-velocity reinnervation process of PGP9.5-IR nerve fibers taking place between 5 and 10 weeks, with a slower and less pronounced addition of fibers that reach the epidermis at later stages.
Previous studies have shown that epidermal nerve fibers affect the skin cells such as the keratinocytes, which have been suggested to communicate with epidermal nerve fibers. 4, 23 We quantified the epidermal thickness of both the non-footpad and the footpad area to see if the observed changes in the regeneration of IENFs after end-to-end reconstruction correlate with the thickness of the epidermis. Because we found a significantly greater epidermal thickness in the footpad area (± 130 μm) than in the non- Sham-operated rats show a ratio of about 1:0, whereas rats after endto-end reconstruction show a significant decrease in GMI at all time points postoperatively. *p < 0.05; ***p < 0.001; 1-way ANOVA.
footpad areas (± 50 μm) of sham-operated rats but no significant difference in the number of IENFs, a correlation between the density of nerve innervation and epidermal thickness could not be established (Fig. 6C) . However, after end-to-end reconstruction, the epidermal thickness was significantly reduced at the Week 5 examination (p < 0.001), and it increased to control values after 20 weeks as the epidermis was reinnervated.
In addition to the effect of IENFs on epidermal thickness, denervation of the skin also affected the epithelial Langerhans cells (LCs). These cells can be recognized by their positive staining for PGP9.5.
36 Consistent with previous studies, LCs were rarely seen in sham-operated animals. However, after lesion induction and reconstruction, the decrease in epidermal nerve fibers was associated with the upregulation of LCs. Epithelial LCs increased significantly in the epidermis of the denervated center and lateral areas of the non-footpad area and even more in the footpads. As the skin was reinnervated, the number of LCs decreased and reached control values in the non-footpad area and remained upregulated in the footpads (Fig. 6D) .
peptidergic Fibers
CGRP-IR Fibers
Although not significant, the density of epidermal CGRP-IR nerve fibers in the footpad area was smaller than it was in the non-footpad area in sham-operated rats. Five weeks postoperatively, a decrease in CGRP-IR nerve fibers was seen in all quantified parts of the hind paw of surgically treated rats compared with controls. However, the decrease was significant only in the lateral part of the hind paw (p < 0.001) (Fig. 7) . This would be in accordance with potential collateral sprouting of the intact saphenous nerve to the medial and center hind paw regions as suggested by the Evans blue extravasation experiments (Fig. 5) .
Striking results are seen 20 weeks postoperatively: All areas of the glabrous skin, except the medial area, showed a significant increase in the density of CGRP-IR nerve fibers (reaching densities of over 600 terminal fibers/mm 2 ) in the epidermis not only in comparison with 5-and 10-week results, but also with results observed in controls. However, at 30 weeks postoperatively, the density of CGRP-IR epidermal fibers recovered to a level that was comparable to that seen in sham-operated rats (400 /mm 2 ) (Fig. 7) .
SubP-IR Fibers
The epidermal SubP-IR fiber density was significantly lower in the footpad area than in the non-footpad areas in the sham-operated rats (p < 0.05). A decrease in epidermal SubP-IR nerve fibers was seen in all areas of the plantar hind paw at 5 weeks postoperatively. Similar to CGRP-IR fibers, a conspicuous increase in epidermal SubP-IR fibers was documented at 20 weeks, which reached control levels at 30 weeks (Fig. 8 ).
NF200-ir Fibers
NF200 stains both the nociceptive and nonnociceptive myelinated fibers. 33 As such, NF200 staining is not specif- ic for nociception only. In addition, myelinated fibers lose their myelin and Schwann cell sheets when they penetrate the epidermis. Therefore, NF200-IR nerve fibers could only be determined in the upper dermis.
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Despite the inability to quantify fibers in the epidermis, dermal NF-200-IR fibers were significantly diminished 5 weeks postoperatively in medial, central, and lateral regions of the hind paw (p < 0.001; p < 0.0001) (Fig. 9) . Similar to the peptidergic CGRP-IR and SubP-IR fiber densities, NF200-IR fiber density followed a gradual increase and reached the control value at 10 weeks in the non-footpad area and at 20 weeks in the lateral footpad (Fig. 9) .
Nonpeptidergic Fibers
P2 × 3-IR Fibers
The epidermis of sham-operated rats was predominantly innervated by nonpeptidergic P2 × 3-IR nerve fibers (± 800 /mm 2 ). Non-footpad areas contained a significantly (p < 0.001) higher density of nonpeptidergic epidermal P2 × 3-IR nerve fibers than did the footpad area. 9 Although the number of epidermal P2 × 3-IR nerve fibers increased after 5 weeks postoperatively, it never reached control levels (p < 0.001); indeed, it never exceeded more than half the density of that of sham-operated rats (Fig. 10) . 
discussion
The main aim of the present study was twofold: to describe the long-term spatial changes in epidermal innervation following sectioning and immediate end-toend reconstruction of the sciatic nerve and to relate these changes to the development of neuropathic pain. The following key observations were made: 1) the initial denervation of the glabrous skin of the hind paw was followed by a transient innervation by sprouting fibers from the undamaged saphenous nerve; and 2) a thermal hypersensitivity noted at 20 weeks postoperatively coincided with a transiently increased density of peptidergic fibers, which mainly originate from newly arriving fibers from the reconstructed nerve.
Since previous studies showed no significant age-related differences in withdrawal latency to hot temperatures 32 and mechanical stimuli 42 in adult rats, the end point of shamoperated rats was determined at 5 weeks postoperatively. In addition, as part of unpublished experiments, we have examined 3 sham-operated rats for behavioral but mainly for possible age-related changes in histological data at 30 weeks postoperatively. Consistent with previous findings, no differences were found in behavioral data. Although a study showed changes in withdrawal latency for cold plate testing when using aging rats of 35 months, 48 we could not find any significant differences in sham-operated animals between 5 and 30 weeks of follow-up. This discrepancy may be ascribed to the shorter follow-up in the present study. Moreover, we could not find any age-related differences in the density of IENFs nor in the CMAP amplitude when compared with sham-operated rats at 5 weeks (data not shown). Therefore, behavioral and histological data as presented in the current study contain 5-week follow-up data of sham-operated rats.
dynamic innervation of the hind paw by undamaged Nerve Fibers
A response failure to both the pinprick test and von Frey test was demonstrated in the lateral glabrous skin at 2, 3, and 5 weeks postoperatively. This finding, along with the near absence of nerve fibers in the skin biopsies of the lateral operated hind paw 5 weeks postoperatively, indicates the denervation of the glabrous skin. The medial part of the glabrous hind paw was initially (at 2 weeks postoperatively) not responsive to mechanical stimuli due to denervation of the skin. At 3 and 5 weeks, von Frey responses at the medial region of the glabrous skin were comparable to those in controls, suggesting initiation of collateral sprouting by the undamaged saphenous nerve. In favor of this latter observation, the glabrous skin on the medial and, to some extent, central aspects of the hind paw, normally also supplied by the sciatic nerve, contained many nerve fibers 5 weeks postoperatively. A similar conclusion, drawn from using a nociceptive pinprick test, was made in a recent study by Cobianchi et al. 5 However, we were able to demonstrate that these fibers were derived from the nonlesioned saphenous nerve by using a newly adapted Evans blue extravasation technique. 15 The collateral sprouting of nerve fibers toward the center of the hind paw predominantly involved peptidergic fibers as was demonstrated by the 5-weeks histological results of the skin biopsies.
Collateral sprouting has often been correlated with neuropathic pain in other peripheral nerve injury models. 17, 30, 37, 49 In contrast to these studies, no obvious features of neuropathic pain could be observed in the present endto-end reconstruction model at 5 weeks postoperatively, when collateral innervation was most prominent. This is in accordance with the clinical dogma that immediate and careful reconstruction of transected nerve, despite the invasion of fibers from undamaged neighboring nerves, can prevent persistent neuropathic pain of the affected skin. Presently, however, it is unclear how this mechanism works.
Moreover, using the Evans blue technique, we showed a withdrawal of the extraterritorial saphenous nerve as the sciatic nerve regeneration proceeded throughout the longer follow-up period (i.e., 20 and 30 weeks postoperatively). In addition, in the current study with it longer follow-up, the greatest increase in the density of IENFs was observed between 10 and 20 weeks. These insights have important implications for future research in the regeneration of the sciatic nerve, underscoring the importance of a minimum follow-up of at least 20 weeks.
Based on these results, we conclude that end-to-end reconstruction can successfully prevent the occurrence of neuropathic pain but also that it reduces the chance that alien fibers can obtain a permanent foothold in the denervated skin.
thermal hypersensitivity correlated to peptidergic epidermal Nerve Fibers
As the sciatic nerve regenerated, mechanical and thermal hypersensitivity of the affected skin was observed at 10 and 20 weeks postoperatively, respectively. The different time points for mechanical hypersensitivity and thermal hypersensitivity after nerve injury could be related to differences in threshold, or speed of nerve outgrowth of the regenerating sensory fibers. Although we did not observe a correlation between mechanical hypersensitivity and the density of reinnervated fibers by specific subgroups of sensory nerve fibers, such a correlation was established in a recent study by Duraku et al. 9 This discrepancy can be ascribed to differences in the experimental model that was applied. While Duraku et al. ligated the nerve proximal from the nerve injury, thereby preventing nerve regeneration, 9 we examined actively regenerating axons following end-to-end reconstruction of the nerve.
Remarkably, some disparity is shown between the density of skin innervation and behavioral data 5 weeks postoperatively. Even with the contribution of the saphenous nerve afferent sprouting, as shown using the Evans blue extravasation technique, a 75% loss of innervation was demonstrated at the medial aspect of the glabrous skin (PGP9.5-IR positive fibers), yet no sensory deficits were observed. However, a more than 90% decrease in IENFs was seen on the lateral aspect of the glabrous hind paw. The more pronounced decrease in skin innervation corresponds with mechanical hyposensitivity. Based on these findings, we suggest that a possible threshold for the density of IENFs needs to be reached to cause changes in sensitivity. This phenomenon was in part shown by Verdu and Navarro. 46 Another explanation would be that the collateral sprouted nerve fibers have different features than regenerating nerve fibers. This notion is supported by the observation of normal responses to the von Frey test, while decreased IENF density was demonstrated in the collateral sprouted skin area compared with sham-operated rats in the spared nerve injury model. 9 Therefore, we believe that after withdrawal of collateral sprouted nerve fibers (after 5 weeks postoperatively), the relation between behavioral and histological data is more evident. This is confirmed by the finding of thermal hypersensitivity, which correlated well with the hyperinnervation by peptidergic epidermal nerve fibers noted at 20 weeks postoperatively. A time point in which the sciatic nerve is regeneratedas shown by increased density of IENFs in the skin and the collateral sprouting-is absent, as demonstrated by withdrawal of Evans blue extravasation area. Moreover, it has been demonstrated that specific temperature-sensitive transient receptor potential (TRP) channels are expressed on peptidergic fibers. These TRP channels were shown to become active at temperatures on the hot (50°C) and cold (5°C) plate tests, as performed in the present study.
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Therefore, we propose that the increased density of epidermal peptidergic fibers results in thermal hypersensitivity. However, further research quantifying TRP channels by immunostaining or electrophysiological determination of activated TRP channels at 20 weeks postoperatively will be required to support our proposition.
These increased peptidergic fibers are likely to be derived from regenerating sciatic nerve fibers as the sprouting fibers from the saphenous nerve have retracted at 20 weeks postoperatively, when thermal hypersensitivity and enhanced density of peptidergic fibers are demonstrated. Because the innervation density of the myelinated peptidergic fibers was not enhanced with respect to control levels, we suggest that the thermal hypersensitivity was specifically related to the increased density of the unmyelinated peptidergic fibers seen at 20 weeks. It should be noted that the density of myelinated peptidergic fibers could be assessed in the upper dermis.
Because of the long follow-up period in the present study in contrast to that in other studies, 5, 40 our results suggest that a complete recovery of both the mechanical and thermal hypersensitivity, as well as of the density of epidermal peptidergic fibers to control levels, is eventually achieved. We conclude that no features of neuropathic pain can be observed 30 weeks after end-to-end recon-struction of the sciatic nerve, nor are they expected to appear at longer survival times.
changed composition in ieNFs Following end-to-end reconstruction
It was remarkable to note the contrasting regeneration pattern in the two populations of epidermal nerve fibers: The peptidergic epidermal fibers gradually increased and recovered to control levels 30 weeks postoperatively, whereas the nonpeptidergic epidermal nerve fibers, as assessed by P2 × 3-IR, 30 remained significantly diminished at all experimental time points after end-to-end reconstruction. The anatomical and functional differences of these two subtypes of sensory fibers in the dorsal root ganglion suggest separate regeneration pathways and possibly, therefore, a slower regeneration of nonpeptidergic fibers compared with peptidergic fibers. The peptidergic fibers terminate predominantly in lamina I and outer lamina II of the dorsal horn, whereas the nonpeptidergic population terminates in inner lamina II. 2 Moreover, the peptidergic and the nonpeptidergic fibers are promoted by different neurotrophic factors: NGF induces peptidergic outgrowth, whereas GDNF promotes nonpeptidergic regeneration.
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These findings, along with the demonstrated shift from mainly nonpeptidergic epidermal fibers in sham-operated footpad to predominantly peptidergic fibers in end-to-end reconstructed footpad, support our proposition of separate regeneration pathways.
Although an increased expression of GDNF has been demonstrated at the site of peripheral nerve injury, 35 the epidermal nonpeptidergic fibers remained diminished in the present study. It is has been shown that local administration of GDNF after peripheral nerve injury vanquishes the features of neuropathic pain 31 and results in an increased expression of nonpeptidergic fibers in the dorsal root ganglion. 43 These observations could suggest that the released GDNF in the periphery might be affected after injury of the nerve. However, we have not been able to find any previously published data on the regeneration pattern of epidermal nonpeptidergic fibers after local GDNF application. Thus, although a relation between GDNF and nonpeptidergic fibers seems obvious, the nature of this relation is unclear.
Because previous studies have shown no significant age-related differences in withdrawal latency to thermal 39 and mechanical 34 stimuli in adult rats, the end point of sham-operated rats was determined at 5 weeks postoperatively. In addition, as part of unpublished experiments, we examined 3 sham-operated rats mainly for possible age-related changes in histological data, as well as behavioral changes, at 30 weeks postoperatively. Consistent with previous findings, we found no differences in behavioral data. Moreover, we found no age-related differences in the density of IENFs or in the CMAP amplitudes when comparing experimental sham-operated rats at 5 weeks (data not shown). Therefore, behavioral and histological data as presented in the current study reflect 5-week follow-up findings of sham-operated rats.
langerhans cells
Behavioral studies using various models of nerve injury-induced neuropathic pain suggest a relation between the density of PGP9.5-positive LCs and the occurrence of neuropathic pain. 9, 24 However, these models cold not distinguish between regeneration of nerve fibers and the expression of neuropathic pain. Thus, the present study in which transient neuropathic pain features were present after end-to-end reconstruction might offer a more promising model with which to study this correlation. Although we found an enhanced LC density, a correlation with the period of hypersensitivity could not be established. Furthermore, enhanced density of LCs was demonstrated only at the central and lateral plantar hind paw, areas that showed more dramatic denervation compared with the medial portion of the hind paw. Combining these findings with the observation that LC density decreased once the skin was reinnervated at 30 weeks suggests a role for LCs in regeneration rather than pain. It should be noted that although a slight decrease in density was seen at 30 weeks, the density of LCs in the footpad remained increased compared with sham-operated animals. This may possibly involve increased of LCs migrating to the epidermis from deeper parts of the skin in reaction to nerve injury. 6 The twofold thicker epidermis of the footpad, as compared to non-footpad areas, may result in longer migration time and therefore increased expression of LCs in the epidermal footpad up to 30 weeks postoperatively. The precise role of LCs in nerve regeneration remains to be determined.
motor recovery
To compare the speed of recovery of skin sensitivity by myelinated and nonmyelinated fibers with that of the heavily myelinated Type 1a motor fibers, we studied the rate of recovery of motor function. We observed a gradual increase in CMAP amplitude, showing the effect of the ongoing regenerative process, which recovered to control levels 30 weeks postoperatively. These results are in agreement with previous electromyography findings reported by Korte et al., who suggested that a progressive and full functional motor recovery is possible after a correctly performed end-to-end reconstruction.
conclusions
Peripheral nerve injury followed by end-to-end reconstruction results in a dynamic reinnervation of the denervated skin. Transiently invading fibers from the adjacent undamaged nerve are gradually replaced by an ingrowth of fibers from the reconstructed nerve. Moreover, the regenerative process results in a nonhomogeneous reinnervation of the epidermis by different subgroups of IENFs after end-to-end reconstruction, which does not cause long-lasting neuropathic pain. Furthermore, the present study demonstrated a role for epidermal peptidergic nerve fibers in thermal hypersensitivity following end-to-end reconstruction, and therefore these nerve fibers seem to be a suitable target for analgesics.
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